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Abstract
The N-methyltransferase TylM1 from Streptomyces fradiae catalyzes the final step in the
biosynthesis of the deoxyamino sugar mycaminose, a substituent of the antibiotic tylosin. The
high-resolution crystal structure of TylM1 bound to the methyl donor S-adenosylmethionine
(AdoMet) illustrates a network of carbon-oxygen (CH•••O) hydrogen bonds between the
substrate’s sulfonium cation and residues within the active site. These interactions include
hydrogen bonds between the methyl and methylene groups of the AdoMet sulfonium cation and
the hydroxyl groups of Tyr14 and Ser120 in the enzyme. To examine the functions of these
interactions, we generated Tyr14 to phenylalanine (Y14F) and Ser120 to alanine (S120A)
mutations to selectively ablate the CH•••O hydrogen bonding to AdoMet. The TylM1 S120A
mutant exhibited a modest decrease in the catalytic efficiency relative to wild type (WT) enzyme,
whereas the Y14F mutation resulted in an approximately 30-fold decrease in catalytic efficiency.
In contrast, site-specific substitution of Tyr14 by the noncanonical amino acid paminophenylalanine partially restored activity comparable to the WT enzyme. Correlatively,
quantum mechanical calculations of the activation barrier energies of WT TylM1 and the Tyr14
mutants suggest that substitutions which abrogate hydrogen bonding with the AdoMet methyl
group impair methyl transfer. Together, these results offer insights into roles of CH•••O hydrogen
bonding in modulating the catalytic efficiency of TylM1.
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INTRODUCTION
Deoxyamino sugars have garnered attention as an unusual category of carbohydrates that
are synthesized in bacteria, fungi, and plants.1 An example of a deoxyamino sugar is mycaminose,
which is synthesized by Streptomyces fradiae as part of the biosynthetic pathway of the antibiotic
Tylosin A.2 In the final step of mycaminose synthesis, the S-adenosylmethionine (AdoMet)dependent methyltransferase TylM1 methylates the amino group of dTDP-3-amino-3,6dideoxyglucose.3, 4 The resulting product, dTDP-D-mycaminose, along with two additional sugars,
mycinose and mycarose, are coupled to the macrolide tylonolide to yield Tylosin A.
TylM1 is a member of the canonical Rossmann fold-like (seven β-stranded) class of
methyltransferases, a large and diverse family of enzymes that methylates myriad substrates,
including small molecules, metabolites, proteins, and nucleic acids.5-7 Crystal structures of TylM1
illustrate that the enzyme comprises a catalytic domain that adopts a canonical Rossmann-like fold
and a dimerization domain composed of a four-stranded anti-parallel β-sheet.8, 9 AdoMet and the
methyl transfer product S-adenosylhomocysteine (AdoHcy) bind within the catalytic domain,
engaging in a network of hydrogen bonds and van der Waals interactions that are analogous to
those observed in other Rossmann fold-like methyltransferases.8 In contrast, the substrate dTDP3-amino-3,6-dideoxyglucose is bound at the interface between the catalytic and dimerization
domains, orienting its 3-amine nucleophile toward AdoMet for methyl transfer. Subsequent
structural and biochemical studies have demonstrated that TylM1 can recognize and methylate a
related sugar, dTDP-3-amino-3,6-dideoxygalactose, albeit with diminished activity compared to
its preferred native substrate.9
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In a survey of high resolution crystal structures of methyltransferases belonging to different
classes, TylM1 was one of over 40 enzymes identified that displayed evidence of unconventional
carbon oxygen (CH•••O) hydrogen bonding between the AdoMet sulfonium cation and residues
within the active site.10 Biochemical and biophysical characterization of these hydrogen bonds in
the SET domain lysine methyltransferase (KMT) SET7/9 demonstrated that these interactions
promote high affinity binding of AdoMet.10-12 Similarly, recent studies of the reactivation domain
of cobalamin-dependent methionine synthase (MetH) have shown that water-mediated CH•••O
hydrogen bonding between the AdoMet sulfonium cation and glutamate residues within the
enzyme’s binding cleft are essential for discrimination between the substrate and the product
AdoHcy.13 Moreover, kinetic isotope effect studies of several methyltransferases have implicated
CH•••O interactions with the AdoMet methyl group as being important to the SN2 reaction
catalyzed by these enzymes.14-16
In light of these findings, we sought to expand these studies to examine the functions of
these interactions in the context of a Rossmann fold-like methyltransferase. We selected TylM1
for this study owing to the network of CH•••O hydrogen bonding between its active site and the
AdoMet sulfonium cation. Specifically, its crystal structure displays evidence of hydrogen bonding
between the AdoMet methyl group and the Phe118 carbonyl group and the Tyr14 hydroxyl group.
In addition, the Ser120 hydroxyl group is poised to form bifurcated CH•••O hydrogen bonds with
the methylene groups of the substrate’s sulfonium cation. The presence of side chain-mediated
hydrogen bonding affords an opportunity to characterize the functions of these interactions through
site-directed mutagenesis combined with crystallographic, spectroscopic, kinetic, and
computational approaches.
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EXPERIMENTAL PROCEDURES
Reagents. S-adenosylmethionine and p-aminophenylalanine were purchased from Sigma, and
ThioGlo 1 was obtained from Berry & Associates. AdoMet was further purified by ion-exchange
chromatography.12,
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Isotopically-labeled
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CH3-methyl AdoMet (13CH3-AdoMet) was

enzymatically synthesized using E. coli AdoMet synthetase and
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CH3-methionine (Cambridge

Isotope Laboratories) and purified as previously reported.12, 13 The TylM1 substrate dTDP-3amino-3,6-dideoxyglucose and the substrate analog dTDP-phenol were synthesized as previously
described.8, 17, 18

Protein Expression and Purification. Full length S. fradiae TylM1 (UniProt accession code
P95748) was expressed from pET318 or pET24 with a C-terminal hexahistidine tag. The Y14F,
Y14 to amber, and S120A mutants were generated using QuikChange mutagenesis (Agilent). The
non-canonical amino acid p-aminophenylalanine (pAF) was genetically incorporated into the Y14
to amber mutant (TAG) utilizing amber stop codon suppression.19 We previously utilized this
technique to substitute an active site tyrosine by pAF in the KMT SET7/9.11 Wild type (WT)
TylM1 and the Y14F and S120A mutants were expressed in E. coli Rosetta 2 DE3 cells (Novagen)
with overnight induction at 18 °C. The Y14pAF mutant was expressed in E. coli BL21-AI cells
(ThermoFisher) transformed with the TylM1 Y14 to amber vector and the pDule2 pAF plasmid
and was induced with 250 μM isopropyl β-D-1-thiogalactopyranoside, 0.2% w/v arabinose, and
1.0 mM pAF with overnight induction at 18 °C. WT TylM1 and its mutants were purified using
TALON affinity chromatography (Clontech) followed by Superdex 200 gel filtration
chromatography (GE Healthcare). The purified enzymes were concentrated and flash frozen in
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liquid nitrogen before storage at -80 °C. Protein concentrations were determined by their
absorbance at 280 nm.

NMR Spectroscopy. NMR experiments were performed as described previously.12 Samples
contained 0.1 mM
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CH3-methyl AdoMet, 0.7 mM TylM1, and 7 mM dTDP-phenol. A

corresponding spectrum of TylM1 with unlabeled AdoMet was acquired as a control. Quantum
mechanical (QM) optimization and NMR chemical shift calculations were performed as previously
reported.12

Crystallization and Structure Determination. Crystals of the TylM1 Y14F, Y14pAF, and
S120A mutants were obtained using the hanging drop vapor diffusion method. Crystals were
grown with variable concentrations of the TylM1 mutants (18 mg/mL S120A, 12 mg/mL Y14pAF,
and 9 mg/mL Y14F) in the presence of 5.0 mM of AdoMet and 5.0 mM dTDP-phenol at 25 °C.
Crystals of the TylM1 mutants were grown in 23 – 27% w/v PEG 3350, 100 mM HEPES pH 7.3
– 7.7, 20 mM sodium malonate, 4.5 – 5.6 mM trimethylamine hydrochloride, and 1.0 – 1.25%
isopropanol. Crystals were harvested in their crystallization solutions supplemented with 10%
ethylene glycol and flash frozen in liquid nitrogen. X-ray diffraction data were collected at the
Advanced Photon Source Synchrotron at Sector 21, the Life Sciences Collaborative Access Team
(LS-CAT). HKL2000 was used to process and scale the diffraction data.20 Structures of the TylM1
mutants were determined by molecular replacement using Phaser with the coordinates of the
TylM1/AdoMet/dTDP-phenol complex (3PFG.pdb) as the search model.21 Model building and
refinement were performed using Coot and Phenix, respectively.22-24 During refinement, the
electron density maps illustrated that the structures of the TylM1 mutants contained the product

6

AdoHcy, potentially due to decomposition of the AdoMet. Structural figures were rendered using
PyMOL (Schrödinger, LLC).

Enzyme Kinetics. The steady state kinetic parameters of WT TylM1 and its mutants were
measured using a variation of an S-adenosylhomocysteine hydrolase (SAHH)-coupled fluorescent
methyltransferase assay.25 The assay was run in a continuous mode in which the SAHH product
L-homocysteine (L-Hcy) was detected with the thiol-sensitive dye ThioGlo 1. Assays were
performed in 100 mM HEPES pH 7.5 with 5.0 μM S. solfataricus SAHH, 25 μM ThioGlo 1,
varying concentrations of AdoMet, and 150 μM dTDP-3-amino-3,6-dideoxyglucose (apparent KM
= 23.7 μM for WT TylM1), with the exception of the Y14F mutant that was assayed with 1.5 mM
dTDP-3-amino-3,6-dideoxyglucose. Assays were performed in black 384 well microplates (Perkin
Elmer Proxiplate 384-F) at 37 °C with enzyme concentrations from 70 nM to 350 nM and were
initiated by the addition of AdoMet. A calibration curve of L-Hcy reacted with ThioGlo 1 was
included in each microplate. Fluorescence of the adduct of ThioGlo 1 and L-Hcy was measured a
Pherastar plate reader (BMG Labtech) using a 390 nm filter for excitation and a 505 nm filter for
emission. Initial velocities were measured over the first five minutes of the reactions. The
Michaelis Menten equation was fit to the kinetic data using Prism (GraphPad).

RESULTS
In the 1.3 Å resolution crystal structure of TylM1 bound to AdoMet and the substrate
analog dTDP-phenol,8 C•••O interaction distances between the AdoMet methyl group and the
carbonyl group of Phe118 as well as the hydroxyl group of Tyr14 are consistent with CH•••O
hydrogen bonding (Figure 1A). However, the positions of the AdoMet methyl hydrogen atoms

7

cannot be directly visualized at this resolution. To directly examine whether CH•••O hydrogen
bonding occurs between the AdoMet methyl group and the enzyme, we employed NMR
spectroscopy to probe the active site environment around the methyl group. CH•••O hydrogen
bonding typically results in a downfield change in the 1H chemical shift of the AdoMet methyl
group when bound to the enzyme compared to its value free in solution.12, 26-29 We obtained a twodimensional heteronuclear quantum coherence (2D-HSQC) spectrum of 13CH3-AdoMet bound to
TylM1 to measure the 1H chemical shift of its methyl group. The 2D-HSQC spectrum showed a
downfield change in the 1H chemical shift of 13CH3-AdoMet (Figure 1B and 1C and Table 1) when
bound to the enzyme. However, this change was smaller than was observed for
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CH3-AdoMet

bound to SET7/9, which exhibits relatively strong CH•••O hydrogen bonding to the substrate.12
Density Functional Theory (DFT) calculations on AdoMet in isolation demonstrated that the
smaller chemical shift change arose from the conformation that AdoMet adopts when bound in the
active site of TylM1. The pose assumed by AdoMet shifts the methyl hydrogen resonances
substantially upfield from the pose assumed by AdoMet when free in aqueous solution (Table 1).12,
30

The total change in the 1H chemical shift of the AdoMet methyl hydrogens therefore appears

small, as the upfield chemical shift change caused by the change in conformation partially cancels
out the downfield chemical shift change caused by the CH•••O hydrogen bonding. Nonetheless,
the observed downfield 1H chemical shift change with the DFT calculations strongly implies the
formation of CH•••O hydrogen bonding between the AdoMet methyl group and the active site of
TylM1.
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Figure 1. AdoMet methyl chemical environment probed by 2D-HSQC spectroscopy. A. QM
model of the TylM1 active site. Proposed CH•••O hydrogen bonds to Phe118 and Tyr14 are
depicted with orange dashes. B. 13CH3-AdoMet NMR spectrum in the absence of TylM1. C.
13
CH3-AdoMet NMR spectrum in the presence of TylM1 and dTDP-phenol.

Table 1. Calculated and Experimental 1H Chemical Shifts of
Bound to TylM1.
AdoMet Environment
TylM1 active site
Class I pose
Aqueous

Calculated Chemical Shift (ppm)
3.4
2.7
3.0*
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CH3-AdoMet in Solution and

Experimental Chemical Shift (ppm)
3.1
N.D.
3.0

*Reproduced from reference 12. N.D., not determined.

After examining CH•••O hydrogen bonding by NMR spectroscopy, we investigated the
functions of the hydrogen bond acceptors Tyr14 and Ser120 in TylM1 through site-direct
mutagenesis and steady state kinetic analysis. A Ser120 to alanine (S120A) mutation was
generated to ablate CH•••O hydrogen bonding to the methylene groups of the AdoMet sulfonium
cation, whereas a Tyr14 phenylalanine substitution (Y14F) abolished hydrogen bonding to the
methyl and a methylene group in the substrate (Figure 2A and S1A). In addition, we site-
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specifically substituted Tyr14 with p-amino-L-phenylalanine (Y14pAF), the aniline analog of
tyrosine, using an amber codon suppression strategy commonly employed to genetically
incorporate noncanonical amino acids into proteins.19 This substitution would potentially maintain
the hydrogen bond with the imidazole group of His123 that is disrupted by the Y14F mutation. In
prior studies, we utilized an analogous tyrosine to pAF substitution to probe the functions of
CH•••O hydrogen bonding to AdoMet in SET7/9.11 To ascertain whether these substitutions alter
the overall conformation of the enzyme or its active site, we determined crystal structures of the
TylM1 Y14F, Y14pAF, and S120A mutants bound to dTDP-phenol and AdoHcy (Table S1). An
alignment of the structures of Tyr14 and Ser120 mutants to WT TylM1 illustrates their overall
structural homology (RMSD for aligned Cα atoms of < 0.5 Å) and that the mutants preserve the
active site structure of the WT enzyme (Figure 2B, 2C, 2D, S1B, S1C, and S1D). Notably, the
NH•••O hydrogen bond between the side chains of Tyr14 and His123 in WT TylM1 is preserved
as an NH•••N hydrogen bond in the Y14pAF mutant (Figure 2D and S1D), as anticipated for this
substitution.
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Figure 2. Crystal structures of WT TylM1 and the Tyr14 and Ser120 mutants. A. Active site
of the previously reported structure of the WT TylM1/AdoMet/dTDP-phenol ternary complex
(3PFG.pdb). The carbon atoms of AdoMet and dTDP-phenol are illustrated in green and yellow,
respectively. The dTDP-phenol is rendered semi-transparently to allow visualization of AdoMet
and the surrounding active site residues. CH•••O and conventional hydrogen bonds are depicted
as orange and cyan dashes, respectively. B. Crystal structure of the TylM1 Y14F/AdoHcy/dTDPphenol complex. The Y14F substitution is denoted by orange carbon atoms. The Fo-Fc simulated
annealing omit map is rendered around Phe14, AdoHcy, and Ser120 and is contoured at 3.0 σ. C.
Structure of the TylM1 S120A/AdoHcy/dTDP-phenol complex. AdoHcy is shown with pink
carbon atoms, and the S120A mutation is highlighted with cyan carbon atoms. D. Structure of the
TylM1 pAF14/AdoHcy/dTDP phenol complex. The Y14pAF mutation is depicted with purple
carbon atoms.
Following structure determination, we determined the kinetic parameters of the WT TylM1
and the Tyr14 and Ser120 mutants for AdoMet (Figure 3). The kcat and KM values measured for
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the WT enzyme (Table 2) are similar to those previously reported.8 The catalytic efficiency
(kcat/KM) of the TylM1 S120A mutant was diminished by approximately fourfold compared to the
WT enzyme, owing to a twofold decrease in kcat and a twofold increase in the KM value for
AdoMet. Similarly, the TylM1 Y14pAF mutant also displayed an approximately fourfold
reduction in catalytic efficiency. However, this reduction was primarily a consequence of a
diminished turnover number, as there was a negligible effect on the KM value of AdoMet compared
to the WT enzyme. This finding indicates that the amine moiety of pAF was able to at least partially
substitute for the Tyr14 hydroxyl group, consistent with the structure of this mutant (Figure 2D
and S1D). In contrast, the TylM1 Y14F mutant exhibited a ~30-fold decrease in catalytic efficiency
relative to the WT enzyme (Figure S2). This decrease was due to a fourfold decrease in kcat and
7.5-fold increase in the KM value for AdoMet. Thus, the loss in the hydrogen bonding associated
with Y14F mutant was deleterious for activity in TylM1, whereas the Y14pAF mutant partially
restored activity.

Figure 3. Steady state kinetic analysis of WT TylM1 (), the TylM1 S120A mutant (), and the
TylM1 Y14pAF mutant ().
Table 2. Kinetic Analysis of WT TylM1 and the Tyr14 and Ser120 Mutants at 37 °C.
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TylM1

kcat (min-1)

WT
Y14F
Y14pAF
S120A

4.71 ± 0.04
1.21 ± 0.03
1.75 ± 0.04
2.87 ± 0.03

KM, AdoMet (µM) kcat/KM (M-1 min-1)
27.8 ± 0.9
169,000 ± 6000
212 ± 12
5,730 ± 350
34.0 ± 2.4
51,400 ± 3800
61.5 ± 1.8
46,700 ± 1500

Figure 4. Active site models of the TylM1 substrate complexes used in the QM calculations of the
methyl transfer reaction for (A) WT TylM1, (B) the TylM1 Y14F mutant, and (C) the TylM1
Y14pAF mutant. AdoMet and 3-amino-3,6-dideoxyglucose (T3Q) are denoted by green and
yellow carbon atoms, respectively. CH•••O and conventional hydrogen bonds are depicted by
orange and cyan dashed lines, respectively. The reaction coordinate for methyl transfer is shown
by red dashed lines.
We next examined whether disruption of the CH•••O hydrogen bonding between the Tyr14
and the AdoMet methyl group would affect methyl transfer using computational chemistry. To
facilitate the QM calculations, minimal active site models for WT TylM1 and the Y14F and
Y14pAF mutants bound to the substrates were generated (Figure 4 and Figure S3; please see the
Supplemental Methods in the Supporting Information for a description of the QM calculations and
generation of the active site models.). In these active site models, the motion of the methyl group
from the AdoMet model to the nitrogen atom on 3-amino-3,6-dideoxyglucose traced out a methyl
transfer potential (Figure 5 and S4). The height of the activation barrier for methyl transfer from
the sulfur atom of MeS+(Et)2 to the nitrogen atom of the sugar substrate is denoted by E† in Table
3, and the overall energy of this transfer is represented as ∆E. As is evident from the last column
13

of Table 3, this transfer is exothermic in all cases by approximately -20 kcal/mol, suggesting the
methyl group prefers association with the nitrogen atom over the sulfur atom by this amount of
energy. The exothermicity associated with the models of the WT enzyme and the Y14F mutant is
relatively similar but is reduced for the Y14pAF mutant. An analysis of the WT enzyme indicates
that the CH•••O hydrogen bond between the Tyr14 hydroxyl group and the transferring methyl
group is preserved between the substrate and product complexes and therefore does not
substantially affect the overall methyl transfer energy. The Y14F mutant lacks this interaction, and
thus it does not contribute to ∆E for this mutant. In contrast, the exothermicity of the Y14pAF
mutant is decreased due to the formation of a CH•••N hydrogen bond between the transferring
methyl group and the pAF aniline side chain, which is strongest with the AdoMet methyl group
and weaker in the product complex, diminishing the value of ∆E. The energy barrier impeding this
S→N methyl transfer occurs when the R(S-C) distance has elongated by 0.4 Å from 1.8 to 2.2 Å.
The energy barrier is 8.1 kcal/mol for WT TylM1 but enlarges to more than 9 kcal/mol for the two
Tyr14 mutants. There is a general correlation that may be noted between these two quantities in
that a more negative ∆E value is associated with a lower barrier (Table 3). The activation barriers
for the Y14F and Y14pAF mutants, which are roughly comparable to one another, are larger than
the barrier for the WT enzyme, consistent with the diminished kcat values for the mutants (Table
2).

Table 3. QM Calculations of the Activation Barriers (E†) and Overall Methyl Transfer Energies
(∆E) for WT TylM1 and the Tyr14 Mutants.
TylM1
WT
Y14F
Y14pAF

E† (kcal/mol)
8.1
9.6
9.3

∆E (kcal/mol)
-24.7
-24.1
-21.5
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Figure 5. Snapshots from the QM calculations of methyl transfer for WT TylM1. A. AdoMet/T3Q
substrate complex B. Transition state. C. AdoHcy/3-N-methylamino-3,6-dideoxyglucose (Nmethyl-T3Q) product complex. The dashed red line illustrates either the methyl carbon – nitrogen
or methyl carbon – sulfur interaction proceeding from the substrate complex through the transition
state to the product complex with the C – S and C – N distances denoted in yellow and blue text,
respectively.
Insight into the effect of the mutations upon the reaction rate can be gleaned through
examination of the CH•••O hydrogen bonds involving the transferring methyl group. In the ground
and transition state configurations of the WT model, there are several CH•••O hydrogen bonds in
evidence that involve the methyl protons (Figure 4A, 5, S3A, and S4). One of the methyl hydrogen
atoms lies within 2.5 Å of the carbonyl oxygen of Phe118, while a second methyl proton is within
2.3 Å of the hydroxyl group of Tyr14. It is the latter interaction that is disrupted in the Tyr14
mutants. The Y14F mutation abolishes the CH•••O hydrogen bond to the AdoMet methyl group
and also disrupts hydrogen bonding to the imidazole of His123 and C4′ hydroxyl group of the 3amino-3,6-dideoxyglucose substrate (Figure 4B and S3B). The substitution of Tyr14 by pAF has
a more nuanced effect on interactions within the active site. The amino group of the pAF side chain
preserves hydrogen bonding to His123 and the C4′ hydroxyl group of the sugar substrate and also
accepts an OH•••N hydrogen bond from the active site water molecule (Figure 4C and S3C). These
15

interactions, coupled with the sp2 hybridization of the pAF amino nitrogen atom that delocalizes
its lone pair of electrons into the phenyl ring, weaken any potential CH•••N hydrogen bonding
between pAF14 and the methyl group of AdoMet. In summary, these observations provide an
explanation of how disruption of methyl CH•••O hydrogen bonding in the TylM1 Tyr14 mutants
increases the activation barrier E† for methyl transfer and lowers the exothermicity of the reaction.

DISCUSSION
The structural and functional characterization of Tyr14 and Ser120 in TylM1 provides a
framework for understanding the functions of these residues in CH•••O hydrogen bonding with
the AdoMet sulfonium cation. The TylM1 S120A mutant displayed modest defects in the KM value
for AdoMet and kcat (Table 2), indicating that the Ser120 hydroxyl group may have a subtle role
in substrate recognition and turnover in the enzyme. Substitutions of Tyr14 by phenylalanine and
pAF resulted in similar decreases in kcat, whereas the Y14F mutant also diminished the KM value
for AdoMet compared to the WT enzyme and the Y14pAF mutant. It is also worth noting that
Tyr14 participates in an OH•••O hydrogen bond with the C4′-hydroxyl group in dTDP-3-amino3,6-dideoxyglucose and an OH•••N hydrogen bond with the imidazole of His123 (Figure 4A and
S3A). Biochemical characterization of an alternative substrate, dTDP-3-amino-3,4,6trideoxyglucose, which lacks the C4′-hydroxyl group, demonstrated that it was methylated by
TylM1 with a catalytic efficiency approximately twofold less than the native substrate,31 implying
that the OH•••O hydrogen bond with Tyr14 is not essential for substrate binding and catalysis. On
the other hand, previous kinetic studies have demonstrated that mutations of His123 in TylM1
diminished catalytic efficiency by one to two orders of magnitude.8 These findings led to the
proposal that the His123 imidazole group may function in water-mediated deprotonation C3′-

16

amino group of the sugar prior to methyl transfer. Thus, the hydrogen bond between Tyr14 and
His123 may play a role in facilitating water-mediated deprotonation of the substrate, potentially
by orienting its imidazole group for shuttling protons from the substrate to bulk solvent.
The results of these studies also offer an opportunity to compare and contrast the properties
and functions of CH•••O hydrogen bonding among different methyltransferases. In the 2D-HSQC
spectroscopy experiments, a range of 1H chemical shifts for the AdoMet methyl group have been
reported for different methyltransferases.10, 12, 13 In the model SET domain KMT SET7/9, the
AdoMet methyl group exhibited a 1H chemical shift of 3.7 ppm when bound in the enzyme’s active
site.12 This shift is markedly downfield of the methyl 1H chemical shift for AdoMet free in solution
(3.0 ppm, Table 1) and is indicative of either strong or extensive methyl CH•••O hydrogen bonding
between the AdoMet methyl group and SET7/9. In agreement with this observation, DFT
calculations suggested three CH•••O hydrogen bonds (Figure S5A) to the AdoMet methyl group
formed by the carbonyl groups of Gly264 and His293 and the hydroxyl group of the invariant
Tyr335 in SET7/9, with hydrogen bond (H•••O) distances of 2.7 Å, 2.1 Å, and 2.5 Å,
respectively.12 Consistent with these results, mutation of Tyr335 to phenylalanine in SET7/9,
which abolishes one of the CH•••O hydrogen bonds to the AdoMet methyl group, resulted in a
slightly smaller downfield change in the methyl 1H chemical shift to 3.6 ppm.10 This relatively
small alteration in the chemical shift compared to the WT enzyme suggests that the interaction
between the Tyr335 hydroxyl group and the AdoMet methyl group is weaker than the CH•••O
hydrogen bonds with carbonyl groups of Gly264 and His293, particularly with the latter given its
short hydrogen bond distance (2.1 Å).
In contrast to SET7/9, the 1H chemical shift measured for 13CH3-AdoMet bound to TylM1
is 3.1 ppm (Table 1). This modest change in the chemical shift is in part due to the change in
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conformation of AdoMet from its free state in solution to its enzyme-bound state. In addition, the
smaller change in the chemical shift may be a consequence of fewer and generally longer CH•••O
hydrogen bonds between the AdoMet methyl group and the active site residues in TylM1 (Figure
1A and S5B) compared to SET7/9 (Figure S5A). On the other hand, 2D-HSQC spectroscopy
experiments with the reactivation domain of methionine synthase (MetH) demonstrated that the
methyl 1H chemical shift of AdoMet was essentially unaltered upon association with the enzyme
(3.0 ppm).13 This finding is consistent with the solvent-exposed substrate binding site of MetH, in
which the only interactions with the AdoMet methyl group involve water-mediated CH•••O
hydrogen bonds with active site residues. Together, these results illustrate that the 1H chemical
shift of the AdoMet methyl group reflects the CH•••O hydrogen bonding environment within the
methyltransferase active site and thus can be employed as a sensitive probe that reports on the
number and relative strength of these interactions.
A comparison of the effects of active site tyrosine mutations in SET7/9 and TylM1
furnishes insights into the roles of methyl CH•••O hydrogen bonding in the kinetics of methyl
transfer. In SET7/9, the invariant Tyr335 engages in a network of CH•••O hydrogen bonds with
AdoMet, including the methyl and methylene groups of the sulfonium cation, as well as the C8
atom of the adenine ring (Figure S5A).10 Mutations of Tyr335 to phenylalanine and pAF increased
the KM value for AdoMet by ~60-fold and ~130-fold, respectively, compared to WT SET7/9.10, 11
Conversely, the Y14F mutation in TylM1 resulted in a modest increase in the KM value for
AdoMet, whereas the Y14pAF mutation essentially had no effect on the KM (Table 2). These
differences are a manifestation of the different CH•••O hydrogen bonding patterns present in the
respective active sites of the two enzymes (Figure S5). In SET7/9, Tyr335 participates in multiple
CH•••O hydrogen bonds with the sulfonium and adenine moieties of AdoMet, and mutations of

18

this residue resulted in substantial increases in the KD and KM values of the substrate.10 Conversely,
Tyr14 forms hydrogen bonds with the methyl group and a methylene group in AdoMet and
substitutions of this residue leads to more modest changes in KM.
With respect to turnover, the SET7/9 Y335pAF mutation diminished kcat by 35-fold
compared to WT SET7/9, whereas the Y335F had less than a twofold effect on kcat. In TylM1, the
Y14F and Y14pAF mutations resulted in modest reductions in the kcat value (Table 2).
Collectively, these tyrosine mutations indicate that their methyl CH•••O hydrogen bonds with
AdoMet may influence the methyl transfer rate, consistent with the QM calculations of the methyl
transfer reaction energies for WT TylM1 and the Tyr14 mutants (Table 3). However, it is
conceivable that deprotonation of the nucleophilic amino group in dTDP-3-amino-3,6dideoxyglucose is rate limiting in TylM1. Thus, the effects of the Tyr14 mutants could be
underestimated in the kinetic experiments if these mutations slow methyl transfer to the point of
being at least partially rate-limiting. It may also be worth mentioning that the quantum calculations
of the methyl transfer potentials were performed with certain limitations, such as restricting the
methyl C to the S--N axis, and holding certain other atoms fixed during the process.
It is worth noting that carbonyl groups of active site residues in SET7/9 and TylM1 (Figure
S5) also participate in AdoMet methyl CH•••O hydrogen bonding.10, 12 Prior QM calculations have
demonstrated that the carbonyl oxygen atom in a model peptide forms CH•••O hydrogen bonds
with a sulfonium model of AdoMet that are approximately three-fold stronger than the interactions
with the hydroxyl group of phenol, representing the side chain of tyrosine.10 The functions of these
carbonyl groups engaging in methyl CH•••O hydrogen bonding have not been experimentally
investigated to date, in part because they cannot be directly characterized by conventional
biochemical approaches utilizing site-directed mutagenesis. It is conceivable that the interactions
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between these carbonyl groups and AdoMet may play a compensatory role in active site mutations
which ablate methyl CH•••O hydrogen bonding, such as those involving tyrosine or other polar
amino acids. For example, the Y335F mutation in SET7/9 resulted in less than a two-fold effect
on kcat and only a 0.1 ppm upfield change for the methyl 1H chemical shift of AdoMet compared
to the WT enzyme.10 The aforementioned CH•••O hydrogen bond between the AdoMet methyl
group and the His293 carbonyl oxygen atom is shorter and presumably stronger than the hydrogen
bond with Tyr335, implying that the interaction with His293 may be more important to the
observed downfield change in the methyl 1H chemical shift and transition state stabilization in
SET7/9 (Figure S5A).10,

12

Similarly, recent computational studies investigating the reaction

mechanism of glycine N-methyltransferase have shown that mutations of Tyr21 that abolish
AdoMet methyl CH•••O hydrogen bonding in the transition state are compensated by the methyl
group’s interactions with the imidazole of His142 and the carbonyl oxygen of Gly137.16 Future
studies focusing on the characterization of CH•••O hydrogen bonding between AdoMet and active
site carbonyl groups will be essential in elucidating the contributions of these interactions to
substrate recognition and catalysis.

ASSOCIATED CONTENT
Supporting Information
Methods for the computational chemistry; tables reporting the crystallographic and refinement
statistics and the results from QM calculations for the methyl transfer energies; and figures
illustrating the kinetic analysis of the TylM1 Y14F mutant, stereo representations of the TylM1
active site and models for the QM calculations, and a comparison of CH•••O hydrogen bonding
between the active sites of TylM1 and SET7/9.
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Structure Accession Codes
Coordinates and structure factors for the ternary complexes of TylM1 Y14F/SAH/dTDP-phenol
(6M81), TylM1 Y14pAF/SAH/dTDP-phenol (6M82), and TylM1 S120A/SAH/dTDP-phenol
(6M83) have been deposited into the RCSB PDB.
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